The hydrogen storage characteristics of Li decorated phosphorene were systematically investigated based on first-principle density functional theory. It is revealed that the adsorption of H 2 on pristine phosphorene is relatively weak with an adsorption energy of 0.06 eV. While this value can be dramatically enhanced to $0.2 eV after the phosphorene was decorated by Li, and each Li atom can adsorb up to three H 2 molecules. The detailed mechanism of the enhanced hydrogen storage was discussed based on our density functional theory calculations. Our studies give a conservative prediction of hydrogen storage capacity to be 4.4 wt. % through Li decoration on pristine phosphorene. By comparing our calculations to the present molecular dynamic simulation results, we expect our adsorption system is stable under room temperature and hydrogen can be released after moderate heating. Published by AIP Publishing. [http://dx
I. INTRODUCTION
In recent years, two-dimensional (2D) atomically thin materials such as graphene, hexagonal boron nitride (h-BN), and transition metal dichalcogenides (TMDCs) have gained considerable attention owing to their intriguing mechanical, electronic, and optical properties. [1] [2] [3] [4] The discovery of 2D black phosphorus (phosphorene) further sparked the interest of scientists in various fields. [5] [6] [7] [8] This new 2D material shows a sizable electronic band gap and a large room-temperature carrier mobility up to 1000 cm 2 V À1 s À1 , rendering phosphorene promising for application in nanoelectronics and optoelectronics. [7] [8] [9] [10] [11] The field-effect transistor (FET) based on phosphorene was found to possess an outstanding on/off ratio, high operating frequency, considerable carrier mobility, and anisotropic transport. [8] [9] [10] By using phosphorene with different structures, high performance optical devices including photovoltaic (PV) cells and photodetectors were fabricated. [11] [12] [13] Recent studies show that phosphorene can be applied to chemical sensing and exhibits extremely high sensitivity for detection of NO 2 down to 5 ppb. [14] [15] [16] While investigations of other applications such as gas adsorption and storage on this new material are in the initial stage, and remain a large room to be explored.
Thanks to large surface-to-volume ratio, 2D layered materials, like TMDCs, graphene, and h-BN, are promising in hydrogen storage. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Among them, metal-decorated 2D materials have been investigated most intensively, since that metal decoration can effectively increase the adsorption energy and storage capacity. The strategy is to decorate metal atoms onto 2D materials through Dewar coordination, which will then bind multiple H 2 molecules via electrostatic interaction for alkali atoms or Kubas interaction for transition metals. 20, 21 28 respectively. However, carbon based materials suffer from the low adsorption energies of metal atoms, which will lead to the clustering of adsorbed metals on the surface of substrates. Putungan et al. investigated H 2 adsorption on Li decorated MoS 2 , and found that single layer MoS 2 can be decorated by Li with a high coverage density, then a hydrogen storage capacity of 4.4 wt. % was obtained. 24 Number of recent works have investigated the adsorption of metals, [29] [30] [31] [32] nonmetals, 33 and small molecules [14] [15] [16] 34, 35 on phosphorene. Li et al. have explored the application of phosphorene to hydrogen fuel storage with a storage capacity of 8.11 wt. %, 36 which is quite enlightening for researchers who focused on phosphorene. After systematic computations, we found that the structures proposed in Ref. 36 are not quite stable actually, and there are still some interesting details to be noted and discussed.
In this work, the density functional theory (DFT) was adopted to study the H 2 adsorption on Li decorated phosphorene. It was found that Li atom decoration effectively improved the H 2 adsorption ability of phosphorene. To understand the substantial mechanism, electronic structures and density of states (DOS) were analyzed. Li coverage density was gradually increased to 25% to achieve high hydrogen capacity, which was proved to be the highest coverage density. To search the most stable structure, different configurations were constructed for each Li coverage density, and bi-Li 4 bP 16 was finally obtained and selected as the substrate to store H 2 . Our calculation results indicate that Li decorated phosphorene may be a good candidate for hydrogen storage.
II. COMPUTATIONAL METHODS
Our DFT calculation has been carried out by using the Vienna ab initio simulation package (VASP). 37, 38 The generalized gradient approximation (GGA) with the parametrization of Perdew-Burke-Ernzerhof (PBE) was adopted. 39 The van der Waals (vdW) interaction was corrected by using the empirical correction scheme of Grimme (DFT þ D2). 40 In all calculations, the kinetic energy cutoff was set to be 500 eV. The Brillouin zone was sampled with 3 Â 3 Â 1 and 5 Â 7 Â 1 for 3 Â 4 and 2 Â 2 supercells, respectively, by MonkhorstPack k-point scheme. All the structures were relaxed until the forces on each atom are less than 0.01 eV/Å . A vacuum of 15 Å was used along the Z axis (perpendicular to the phosphorene layer) to avoid the interaction between the periodically repeated structures. Adsorption energy is calculated by using
where E substrate and E adsorbate are the energies of substrate and adsorbate, respectively, and E total is the total energy of the adsorption system. Especially, the adsorption energy of every H 2 molecule is calculated via
where E ads;nthH 2 is adsorption energy of the nth adsorbed H 2 , E n H 2 on Li-phosphorene is the total energy of the Li decorated phosphorene with n H 2 adsorbed, and E H 2 is the energy of single H 2 molecule.
III. RESULTS AND DISCUSSION

A. Adsorption of single H 2 molecule and Li atom on phosphorene
The lattice constants of monolayer phosphorene are optimized to be 3.31 and 4.57 Å , in good agreement with previous report. 29 In this section, we adopted 3 Â 4 supercell, as shown in Fig. 1 , to prevent the interaction of adjacent adsorbates (H 2 molecules or Li atoms). For H 2 molecule or Li atom adsorbing on phosphorene, several possible anchoring positions were considered, and the results show that both adsorbates prefer the hollow site.
Single H 2 molecule is adsorbed on the hollow site, and is 2.83 Å away from the phosphorene plane. After adsorption, the H-H bond length slightly expands to 0.752 Å , as compared with its pristine length 0.750 Å . The adsorption energy is found to be 0.06 eV, which is lower than the minimum value requirement (0.10 eV) for practical application. 41, 42 Thus, additional decoration is needed for the purpose of reality application, and the following results indicate that Li atom decoration is an effective way.
Single Li atom is adsorbed on the hollow site with a height of 1.46 Å above the phosphorene, and the average distance of Li atom to the three neighboring P atoms is 2.54 Å . The adsorption energy is 2.17 eV, which is in good consistence with Refs. 29 and 30, indicating that Li is chemically adsorbed on phosphorene. This adsorption energy is larger than the cohesive energy of bulk Li, suggesting that Li would form 2D layer on phosphorene.
To analyze the electronic interaction between the adsorbates and phosphorene, differential charge density (DCD) was calculated, and Figs. 1(c) and 1(d) show the isosurface plots for H 2 and Li adsorbed on phosphorene. For H 2 -phosphorene adsorption system, there is an accumulation of electrons around the upper H atom and a depletion of electrons around the lower H atom, which lead to a slight polarization of H 2 . Additionally, electron accumulation also exists between H 2 and phosphorene, and Barder analysis shows that only 0.01 e transfers from phosphorene to H 2 . The weak electrostatic attraction associated with polarization-induced dipole-dipole interaction accounts for the small adsorption energy of H 2 on pristine phosphorene. For Li adsorbed on phosphorene, DCD structure shows remarkable charge transfer from Li to P, and the value is 0.99 e suggested by Barder analysis. Besides, there is a large electron accumulation between Li and the three neighboring P atoms, indicating strong interaction between them and thus the high adsorption energy of Li atom on phosphorene.
B. Effect of Li decoration on H 2 adsorption
Based on a single Li atom adsorbed 3 Â 4 phosphorene (Li-bP) structure ( Fig. 1(b) ), H 2 molecules are gradually attached to the substrate to investigate the H 2 adsorption property of Li-bP. The optimized structures of one, two, three, and four H 2 adsorbed Li-bP are shown in Figs. 2(a)-2(d). Table I presents the adsorption energies and correlative structure parameters for the four cases. The adsorption energies are 0.25, 0.25, 0.19, and 0.04 eV for the first, second, third, and fourth H 2 , respectively. The adsorption energies of first three H 2 satisfy the requirement that H 2 can be adsorbed and desorbed under ambient conditions. While for the fourth H 2 , the adsorption energy is too small, and average Li-H distance is 3.60 Å , indicating that the interaction between the fourth H 2 molecule and Li atom is relatively weak. Moreover, the H-H bond lengths for the first three H 2 are stretched to 0.756-0.758 Å , while that for the fourth H 2 is 0.751 Å , which is approximately equal to that of free H 2 (0.750 Å ). Thus, up to three H 2 can be effectively adsorbed to one Li atom on phosphorene.
To understand the interaction among H 2 , Li, and phosphorene, the local density of states (LDOS), partial density of states (PDOS) (see supplementary material), and DCD are calculated. Figures 2(e)-2 (h) present the DCD configurations of one, two, three, and four H 2 adsorbed cases, respectively. Considerable charge accumulations are found in the fields between Li atom and each H 2 molecule, and charge depletions are found in the spaces beyond every H 2 molecule. Charge redistribution in these cases is much larger than that of H 2 on pristine phosphorene (Fig. 1(c) ), indicating stronger interaction between H 2 and Li atom.
Figures 3(a) and 3(b) depict the LDOS for single H 2 molecule and single Li atom adsorbed on phosphorene, respectively. The blue peak around À5.5 eV in Fig. 3(a) corresponds to H 2 r bond state, and the band gap of 0.9 eV indicates that single H 2 adsorbed phosphorene remains the same electronic properties as pristine phosphorene. This is attributed to the weak interaction between H 2 and phosphorene. On the contrary, the LDOS of phosphorene in Fig. 3(b) shows a significant shift toward lower energy side after the adsorption of Li atom, leading to metallization of phosphorene. There is a hybridization of Li with P in the range of À6 to 2 eV. This indicates the strong interaction between Li atom and phosphorene. PDOS shows that the LDOS of Li consists mainly of 2s, 2p x , 2p y , and 2p z orbitals, which suggests that Li 2s orbital hybridizes with P 2p orbitals.
Figures 3(c)-3(f) depict the LDOS of one, two, three, and four H 2 on Li-bP. In Fig. 3(c) , there is an obvious coupling between H 2 peak and Li peak, which indicates a relatively strong interaction between H 2 and Li atoms. This accounts for the increase of H 2 adsorption energy from 0.06 eV on pristine phosphorene to 0.25 eV on Li-bP. The PDOS shows that the Li peak in Fig. 3 (c) mainly consists of Li 2s and 2p y orbitals, which suggests that the interaction between the first H 2 and Li atoms is the hybridization of H 2 r bond orbital with Li 2s and 2p y orbitals. For two H 2 molecules adsorbed on Li-bP, two H 2 peaks overlap with two peaks of Li, respectively, as shown in Fig. 3(d) , corresponding to the interaction between Li atom and two H 2 molecules. The left Li peak consists of 2s and 2p y orbitals, while the right Li peak corresponds to 2p x orbital. This suggests that the interaction between Li atom and the second H 2 is originated from the hybridization of Li 2p x orbital with H 2 r bond orbital. For three H 2 adsorbed on Li-bP, the left LDOS peak overlap (Fig. 3(e) ), which stands for the interaction between Li atom and the first H 2 , remains unchanged in comparison with Fig. 3(d) . While the right LDOS peaks of H and Li, which correspond to the interaction of Li atom with the second and the third H 2 , are broadened. PDOS shows that the right H LDOS peak is the superposition of two H 2 peaks, while the right Li LDOS peak contains 2p x and 2p z peaks. This suggests that the interaction between Li atom and the third H 2 corresponds to the hybridization of H 2 r bond orbital with Li 2p z orbital. For four H 2 adsorbed on Li decorated phosphorene, the left two pairs of LDOS peaks remain unchanged, as shown in Fig. 3(f) . The right H LDOS peak, which stands for the fourth H 2 , has no Li LDOS peak to couple with. This is the reason why the fourth H 2 has little interaction with Li atom, and accounts for the fact that only 3 H 2 can be adsorbed to each Li atom. Based on the analysis above, the increase of H 2 adsorption energies after Li atom decoration is mainly attributed to the stronger electron orbital hybridizations of Li with H 2 . They are hybridizations of the three H 2 r bond states with Li 2s and 2p y coupling states, 2p x states, and 2p z states for the first, second, and third H 2 , respectively. All the valence electron orbitals of Li atom are hybridized with the first three H 2 molecules, thus the fourth H 2 cannot be adsorbed.
C. Li coverage and hydrogen capacity
As we have found above, Li adatom can improve H 2 adsorption capacity of substrate up to 3 H 2 per Li atom. To obtain high hydrogen storage capacity, higher Li coverage density is needed for phosphorene based substrate. To reduce the calculation cost, 2 Â 2 supercell was constructed to investigate phosphorene substrates decorated with high density Li coverage and the corresponding hydrogen capacity.
In an actual fact, we also performed calculations based on 4 Â 4 and 6 Â 6 supercells, and both the geometries and energetics show no difference, indicating that the results based on 2 Â 2 supercell are accurate enough (see supplementary material). Based on the 2 Â 2 supercell, Li atoms were gradually attached to the surface until no stable structure can be formed. Both decorations on one side and two sides of Li on phosphorene were considered. We define the Li coverage density H as the ratio of total number of Li atoms to that of P atoms. For each Li coverage density, several configurations were considered, and the most stable one was found by comparing the corresponding total energy.
It is found that the structures remain stable when H is increased to 25%, as shown in Fig. 4 , which are denoted by uni-Li 4 bP 16 and bi-Li 4 bP 16 , respectively. Further increase of H led to huge structure deformation and resulted in unstable structures that may not actually exist. The former remains almost perfect structure of phosphorene with no obvious deformation, while two ridge bonds of latter structure are broken. With the increasing Li coverage density, the average adsorption energy of each Li atom decreases slightly from 2.17 to 1.97 eV for uni-Li 4 bP 16 , while that of bi-Li 4 bP 16 remains the value of 2.17 eV (equal to that of low coverage density). Total energy calculation show that bi-Li 4 bP 16 is more stable than uni-Li 4 bP 16 .
We find that the structures with H of 50%, as reported in Ref. 36 , is not stable, and the optimized structure is very sensitive to initial positions of Li atoms (see supplementary material). Apart from the stability, those structures are completely different from the phosphorene structure, and the possibility to form a layered structure material remains to be verified. Hence, a more conservative substrate bi-Li 4 bP 16 was selected to further investigate the hydrogen capacity of Li decorated phosphorene.
Following the same criterion (adsorption energy ! 0.10 eV) as discussed above for H 2 on single Li decorated phosphorene, we found that 12 H 2 molecules can be effectively adsorbed to the surface of bi-Li 4 bP 16 (Fig. 5) . Li to H 2 distance d Li-H 2 ranges from 2.00 to 2.92 Å and adsorption energy per H 2 E ads=H 2 ranges from 0.12 to 0.29 eV with an average value of 0.18 eV. In terms of hydrogen gravimetric capacity, this corresponds to 4.4 wt. %.
For real applications, the reversible uptake/release of hydrogen should take place under ambient conditions, and the temperature stability of our adsorption system is an important issue. Several previous works have studied the effect of pressure and temperature on H 2 storage properties of nanostructures, especially by using molecular dynamic (MD) simulation in combination with first-principle calculation. 21, [43] [44] [45] [46] [47] For example, Banerjee et al. found H 2 bind to Mg nanoclusters with adsorption energies within 0.1-0.14 eV/H 2 by DFT calculation, while the dehydrogenation happens at temperature $100 C given by MD simulation. 46 Yildirim and Ciraci reported an average adsorption energy of 0.54 eV/H 2 for hydrogen on Ti-decorated single wall carbon nanotube (Ti-SWCNT), and found H 2 molecules desorbed at around 500 C, indicated by MD simulation. 21 It is clear that the H 2 molecules desorption temperature increases with the adsorption energy. Assuming a linear dependence between the desorption temperature and the adsorption energy, for the 0.12-0.29 eV/H 2 adsorption energy, the H 2 -Li-bP system could be stable up to 100 C, and the dehydrogenation will happen at around 100-300
C. This temperature range is rather suitable for practical hydrogen storage. Moreover, our calculations found Li atoms bound to phosphorene strongly with very high binding energy of 2.17 eV/atom, hence the Li-bP matrix can be very stable under wide temperature range. As a result, we suggest this system could be very desirable for future hydrogen storage technologies.
IV. SUMMARY
To summarize, the DFT calculation was adopted to provide significant insights into the adsorption mechanism and energetics of H 2 on the Li decorated phosphorene. Li adsorption is found to prefer the hollow site on the phosphorene, and the adsorption energy is large enough (2.17 eV) to prevent metal atoms from clustering, thus making the adsorption structure quite stable. The adsorption of H 2 on pristine phosphorene is too weak, while that is much stronger after the phosphorene is decorated by Li. It is found that 3 H 2 molecules can be adsorbed effectively to each Li atom with adsorption energy around $0.20 eV. By analyzing PDOS, LDOS, and DCD, it is found that the strong interaction between H 2 and Li can be attributed to the hybridization of H 2 r bond orbital with Li 2s and 2p orbitals. All the valence electron orbitals of Li atom are hybridized with the first three H 2 molecules, thus the fourth H 2 cannot be adsorbed, that is why only three H 2 can be adsorbed to each Li atom on phosphorene. To achieve high hydrogen capacity, we adopted a stable substrate bi-Li 4 bP 16 , and 12 H 2 can be adsorbed on 2 Â 2 supercell, garnering a hydrogen gravimetric capacity of 4.4 wt. %. According to our analysis, the storage system should be stable under room temperature, and the adsorbed hydrogen can be released after moderate heating.
SUPPLEMENTARY MATERIAL
See supplementary material for PDOS plots, discussion of H over 25%, and calculation based on larger supercells.
